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Abstract—Resolution studies of test problems set baselines
and help define minimum resolution requirements, however,
resolution studies must also be performed on scientific sim-
ulations to determine the effect of resolution on the specific
scientific results. We perform a resolution study on the formation
of a protostar by modelling the collapse of gas through 14
orders of magnitude in density. This is done using compressible
radiative non-ideal magnetohydrodynamics. Our suite consists
of an ideal magnetohydrodynamics (MHD) model and two non-
ideal MHD models, and we test three resolutions for each model.
The resulting structure of the ideal MHD model is approxi-
mately independent of resolution, although higher magnetic field
strengths are realised in higher resolution models. The non-ideal
MHD models are more dependent on resolution, specifically the
magnetic field strength and structure. Stronger magnetic fields
are realised in higher resolution models, and the evolution of
detailed structures such as magnetic walls are only resolved in our
highest resolution simulation. In several of the non-ideal MHD
models, there is an off-set between the location of the maximum
magnetic field strength and the maximum density, which is often
obscured or lost at lower resolutions. Thus, understanding the
effects of resolution on numerical star formation is imperative
for understanding the formation of a star.
I. INTRODUCTION
When modelling a phenomenon, such as the formation of
a protostar, there are many aspects that must be considered.
First, one must consider the relevant and important physical
processes that actually describe the phenomenon; these are of-
ten selected based upon observational and empirical evidence.
Next, one must chose the numerical algorithms and the res-
olution; the numerical algorithms include how to model both
the physical processes required for realism and the artificial
algorithms required for numerical stability. Even within the
smoothed particle hydrodynamics (SPH) framework, there are
multiple numerical formalisms for each algorithm, and the
final results will differ based upon this choice. For exam-
ple, we previously showed the effect that different artificial
resistivity algorithms had on the formation of a protostellar
disc [1]. Thus, the choice of numerical algorithms is equally
as important and the choice of which physical processes to
include.
Choosing a resolution requires a trade-off between accuracy
and speed. There are always minimum criteria that must be
resolved, such as the Jeans mass [2] for molecular clouds, or
the Toomre-mass and scale-height [3] for protostellar discs.
However, even if these minimum criteria are initially met,
information may still be lost in simulations where certain
regions require even higher minimum resolution criteria, or
in regions where these criteria become violated due to the
adaptive nature of compressible SPH. The preferable resolu-
tion is the convergence limit – i.e. the minimum resolution
simulation to which all higher resolution simulations yield the
same results. However, this convergence limit can be difficult
or impossible to determine due to the computational cost
of running numerous simulations at increasing resolution. To
date, there are many processes in astrophysics where numer-
ical convergence has not been reached due to computational
limitations, including fragmentation of protostellar discs ([4]–
[7]), turbulence ([8]–[10]), and also star formation ([11]–[13]).
Investigating resolution in simplified tests, such as MHD
shock tubes ([14], [15]) or the Orszag-Tang vortex [16] yield
useful information and baselines, but it is not until resolution
is investigated in practical models that its effect is fully
understood. This is due to the complexity of the practical
models where many different physical processes operate si-
multaneously, unlike in the simplified tests. Moreover, the
resolution effects, and hence the convergence limit, will likely
be different for different phenomena.
As a practical investigation of the effects of resolution,
we will investigate the formation of a protostar. To self-
consistently model this, we will model the gravitational col-
lapse of gas through 14 orders of magnitude in density; this
will be done in the presence of weakly ionised gas [17]
and strong magnetic fields [18], which are observed in star
forming regions. We include radiation hydrodynamics [19],
magnetohydrodynamics (MHD) [20], and the non-ideal MHD
processes ([21]–[23]), specifically Ohmic resistivity, ambipolar
diffusion and the Hall effect. Ohmic resistivity and ambipolar
diffusion are dissipative terms that weaken the magnetic field,
and the Hall effect is a dispersive term that modifies the
geometry of the magnetic field. In non-ideal MHD, the gas
is composed of charged gas that is coupled to the magnetic
field and neutral gas that is independent of the magnetic field;
the neutral gas can slip through the magnetic field, but is
influenced by it via collisions with the charged gas. Non-
ideal MHD represents physical resistivity, but we also include
artificial resistivity [24] in our models for numerical stability.
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We will begin in Section II by describing our methods,
followed by our initial conditions in Section III. We will
investigate the effect of resolution in Section IV, and we will
briefly discuss and summarise our results in Section V.
II. NUMERICAL METHODS
A. Radiation non-ideal magnetohydrodynamics
The equations of self-gravitating, compressible, radiation
non-ideal magnetohydrodynamics are
dρ
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= −ρ∇ · v, (1)
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∇2Φ = 4piGρ, (6)
where d/dt ≡ ∂/∂t + v · ∇ is the Lagrangian derivative, ρ
is the density, v is the velocity, p is the gas pressure, B is
the magnetic field, Φ is the gravitational potential, BP is the
frequency-integrated Plank function, E is the radiation energy
density, F is the radiative flux, P is the radiation pressure
tensor, c is the speed of light, G is the gravitational constant,
and I is the identity matrix. The terms with subscript ‘non-
ideal’ are the contribution from the non-ideal MHD processes,
and the terms with subscript ‘art’ are artificial terms required
for numerical stability. We assume units for the magnetic field
such that the Alfve´n speed is vA = |B|/√ρ [25].
To evolve these equations, we use the three-dimensional
smoothed particle hydrodynamics code SPHNG that originated
from W. Benz [26]; over the past few decades, it has been
substantially modified to include individual particle time-
steps [27], variable smoothing lengths ([25], [28]), radiation
[19], magnetohydrodynamics [20] and the non-ideal MHD
processes ([12], [29], [30]). We use the cubic spline smoothing
kernel, thus each particle has approximately 58 neighbours.
B. Artificial algorithms
Artificial algorithms are required for numerical stability, and
include artificial viscosity, resistivity and conductivity that are
applied to the momentum (2), induction (3) and internal energy
(5) equations, respectively. These terms are used to smooth
discontinuities such that simulations remain stable. However,
applying too much artificial viscosity/resistivity/conductivity
will smooth the domain too much such that the results are no
longer physical; applying too little may not prevent instabilities
from occurring, thus preventing reliable results. For this paper,
we will focus on the magnetic field and on artificial resistivity.
The discretised form of artificial resistivity we use ( [31],
[32], [24]) is
d
dt
(
Bia
ρa
)∣∣∣∣
art
=
1
Ωaρ2a
∑
b
mbvsig,abB
i
abrˆ
j
ab∇jaWab(ha), (7)
where we sum over all particles b within the kernel radius,
Wab is the smoothing kernel, mb is the particle mass, Ωa
is a dimensionless correction term to account for a spatially
variable smoothing length ha, B
i
ab ≡ Bia−Bib, and the signal
velocity is vsig,ab = |vab × rˆab|. This artificial resistivity is
second-order accurate away from shocks i.e. ∝ h2, thus, will
decrease as h decreases (i.e. as resolution increases). For an
investigation in to artificial resistivity prescriptions, see [1].
The remaining terms in the induction equation are also
dependent on resolution (i.e. on h), but to a lesser degree;
the ideal component of the induction equation (i.e. the first
term of Equation 3) is given by
d
dt
(
Bia
ρa
)∣∣∣∣
ideal
= − 1
Ωaρ2a
∑
b
mbv
i
abB
j
a∇jaWab (ha) . (8)
Higher resolution models can calculate higher values of the
magnetic field (if physically motivated) since the smoothing
will occur over a smaller region and due to the decreased
contribution from the artificial resistivity. Thus, increased
resolution will contribute to a more precise value.
III. INITIAL CONDITIONS
Our initial conditions are similar to our previous studies
([11], [13], [33], [34]). A sphere of radius R = 4× 1016 cm
and mass M = 1 M⊙ is placed in a low-density box of edge
length l = 4R and a density contrast of 30:1. The cloud has
an initial rotational velocity of Ω = 1.77× 10−13 rad s−1 and
an initial sound speed of cs,0 = 2.19× 104 cm s−1. The entire
domain is threaded with a uniform magnetic field strength
of B0 = 163µG which is parallel to the rotation axis. The
low-density box is used to provide boundary conditions at
the edge of the cloud so that the entire cloud can be self-
consistently modelled; periodic boundary conditions are used
for the magnetohydrodynamic processes at the edge of the
box, which is sufficiently far from the sphere such that the
boundary conditions will have no effect on the results.
The Hall effect, one of the non-ideal MHD processes, is
dependent on the direction of the magnetic field [21], thus
we present three models: an ideal MHD model (where the
non-ideal terms are set to zero; named iB-z), a non-ideal
model where the magnetic field vector is aligned with the
rotation vector (named nB+z) and a non-ideal model where the
vectors are anti-aligned (named nB-z); collectively, the non-
ideal models are nB±z . For each model, we present resolutions
of N = 3 × 105, 106 and 3 × 106 particles in the sphere.
Model names without superscripts refer to all three models of
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the given initial conditions; names with a superscript refer to a
particular model with the resolution stated in the superscript.
IV. RESULTS
From previous star formation studies ([13], [33]–[37]), the
expected outcome of each model is known. Model iB-z is
performed in strong, ideal magnetic fields and will succumb to
the magnetic braking catastrophe [38], thus the collapse will
be axi-symmetric and no protostellar disc will form. When
including non-ideal MHD, the Hall effect will extract angular
momentum from near the centre if the magnetic field is aligned
with the rotation axis as in nB+z , yielding an approximately
axi-symmetric collapse and forming a small disc at late times;
the Hall effect will contribute to the angular momentum near
the centre if the magnetic field is anti-aligned with the rotation
axis as in nB-z , forming a large disc early during the collapse.
Although these are the expected outcomes, it has yet to be
investigated how they will be affected by resolution.
Our analysis will be split into three components. First,
we will discuss the general evolution, which will follow the
gravitational collapse of the gas from the initial density of
ρ ≈ 10−17 g cm−3 through the first hydrostatic core phase
(also first core phase; [39]) to the formation of the protostar at
ρmax ≈ 10−4 g cm−3 (Section IV-A). We will then investigate
the gas and magnetic field structure near the end of the first
core phase (ρ ≈ 10−8 g cm−3; Section IV-B) and just prior
to the birth of the protostar (Section IV-C).
A. Global evolution
As a molecular cloud gravitationally collapses, the central
density increases, which is used to determine the phase of
evolution. Figure 1 shows the maximum density as a function
of time for each model. As expected from previous studies,
all models at a given resolution initially collapse at similar
rates, reaching the first core phase at ρmax ≈ 10−12 g cm−3 at
similar times. The evolution then diverges, with iB-z collapsing
faster to the end of the first core phase at ρmax ≈ 10−8 g cm−3
than nB+z which collapses faster than nB-z . At each resolution,
iB-z reaches ρmax ≈ 10−8 g cm−3 ∼30 yr before nB+z and
∼400 yr before nB-z . Thus, the relative difference in collapse
times between models is independent of resolution.
For each model, the first core phase ends ∼290 yr in the
3 × 105 version prior to the 106 version, which ends ∼60 yr
prior to the 3× 106 version. Although these models have not
converged on an end time, the trend suggests that the ‘true’
end-time is only slightly later than that calculated in the 3×106
models, thus end time of the 3×106 models yield a reasonable
prediction.
Given the varying collapse times, it is convenient to use
maximum density as a proxy for time. For the duration of this
paper, we will compare the simulations at similar maximum
densities, rather than at similar times.
As gas collapses in ideal MHD, the magnetic field is
dragged into the centre with the gas, thus the strongest field
strength is coincident with the maximum density [11]. Once
non-ideal MHD processes are included, the collapse of the
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Fig. 1. Evolution of the maximum density during the gravitational collapse
of a molecular cloud to form a protostar. The lower and upper horizontal
lines represent the beginning and end of the first hydrostatic core phase,
respectively. We define the birth of the protostar to occur at ρmax = 10
−4
g cm−3. At each resolution, there is a similar off-set in time between models
reaching ρmax ≈ 10
−8 g cm−3, and this off-set is decreasing with increasing
resolution. This suggests that the 3 × 106 models yield a prediction of the
end of the first core phase that is only slightly early than the ‘true’ time.
charged gas is slowed by the magnetic fields, while the neutral
gas continues to collapse to the centre of the system. The
charged gas is stalled in a torus around the central density
peak, and the magnetic fields pile up here, creating a so-called
‘magnetic wall’ ([40], [41]).
Figure 2 shows the maximum (Bmax) and central (Bcen;
coincident with the maximum density ρmax) magnetic field
strengths for each model; where only one line exists for a
given model, then Bmax = Bcen.
In ideal MHD, iB-z , Bmax = Bcen as expected. However,
Bmax is approximately independent of resolution, and by
ρmax = 10
−4 g cm−3, Bmax differs by only a factor of
∼3 between iB3e5-z and iB3e6-z , and ∼1.4 between iB1e6-z and
iB3e6-z , suggesting that the value of Bmax is converging. Since
Bmax coincides with ρmax, then much of this decrease can
be attributed to the artificial resistivity algorithms. Despite
a factor of ∼3 difference in magnetic field strengths, this
difference is small in astrophysical terms. Thus, we conclude,
for ideal MHD, the maximum magnetic field strength up to the
formation of a protostar is relatively insensitive to resolution.
When using non-ideal MHD, we expect a magnetic wall to
form during the first core phase, thus Bmax and Bcen should
diverge; this occurs at ρmax ≈ 10−9 g cm−3 in nB±z (bottom
two panels of Figure 2). From this figure, it appears that a wall
is formed and sustained, forms and dissipates, and never forms
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Fig. 2. Evolution of the maximum and central magnetic field strengths
as a function of maximum density, which is a proxy for time. Each model
has two lines per resolution, where the upper line represents the maximum
magnetic field strength Bmax, and the lower line represents the central field
strength Bcen which is coincident with ρmax. Where only one line exists,
Bmax = Bcen . The vertical lines represents the beginning and end of the
first hydrostatic core phase. Bmax = Bcen in iB-z (top panel) and for ρmax .
10
−9 g cm−3 in the non-ideal models (bottom two panels). The field strength
is approximately independent of resolution for iB-z , but strongly resolution-
dependent for nB3e6+z and nB-z after ρmax & 10
−9 g cm−3.
in the high, mid and low resolution nB+z models, respectively;
thus, by the formation of the protostar at ρmax ≈ 10−4 g cm−3,
Bmax 6= Bcen in nB3e6+z only. Bcen is approximately the same
in the high and mid resolution model, which is approximately
∼2 times higher than the low resolution model. Although Bcen
is similar at the birth of the protostar, different conclusions are
reached regarding Bmax and the magnetic wall based upon the
initial resolution.
At each resolution in nB-z (bottom panel of Figure 2), there
is a clear distinction between Bmax and Bcen for ρmax & 10
−9
g cm−3. In this model, Bmax (Bcen) differs by a factor of
∼5000 (∼50) amongst the three resolutions. As the resolution
decreases, the ratioBmax/Bcen also decreases. Thus, this model
clearly has a strong dependence on resolution; the current
results suggest that we cannot predict to what values Bmax
and Bcen will converge.
These non-ideal MHD plots suggest that resolution is very
important in reaching the correct conclusions, and that the
convergence limit has not yet been reached. This resolution-
dependence is somewhat counter-intuitive since the non-ideal
models include additional resolution-insensitive resistivity pro-
cesses that should make the results less susceptible to resolu-
tion effects. However, we need to be cautious with the above
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Fig. 3. Gas density (top panel) and magnetic field strength (bottom panel)
at the end of the first hydrostatic core phase at ρmax = 10
−8 g cm−3. The
frames sizes are selected to show the structure of the magnetic wall (middle
row, bottom panel) and of the bar (bottom row, both panels). The density
profiles have minimal resolution dependence. The non-ideal magnetic field
geometries are strongly dependent on resolution, in particular the strength and
structure of the magnetic wall (model nB+z) and the location and structure of
the maximum magnetic field strength (model nB-z).
analysis since it involves only one or two values at each time
or density. In each of the next two sections, we will focus on
the gas structure at a single time, which will complement the
above time-sequence analysis.
B. First hydrostatic core
The first hydrostatic core phase is 10−12 .
ρmax/(g cm
−3) . 10−8 [39]. From Figure 2, the models
appear similar the beginning of this phase, thus we will
analyse the density and magnetic field at the end of this phase
once Bmax and Bcen become distinct. Figure 3 shows the gas
density and magnetic field strength through the mid-plane
near the end of the first core phase at ρmax ≈ 10−8 g cm−3.
For the inner r . 10 au, the density profiles of iB-z
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and nB+z are approximately axi-symmetric and approximately
independent of resolution. The additional physical processes
in nB-z have permitted a gravitationally unstable disc to form
at ρmax ≈ 5×10−9 g cm−3; the disc has a radius of r ≈ 25 au,
thus only the central bar is shown in Figure 3. The bar structure
is similar at each resolution, although the current rotation angle
is different simply due to the different lengths of time it has
taken to reach the current density (recall Section IV-A); note
that the rotational velocities are similar at each resolution.
Once the rotation angle is taken into account, then near the
end of the first core phase, the density structure of the inner
r . 10 au is approximately independent of resolution.
For all three models for r & 10 au, the density profiles
become more broad for increasing resolution; specifically, the
higher resolution models can capture more detail further from
the core. In iB-z and nB+z , this likely has only moderate con-
sequence to any analyses since studies such as this typically
focus on the first core itself (i.e. r . 10 au); however, studies
such as nB-z typically focus on the disc thus require good
resolution out to several tens of au, thus resolution at larger
radii must also be carefully considered.
It is clear from Figure 3 that both the magnetic strength and
structure are affected by the both the physical processes and
resolution. The magnetic field structure of iB-z is least depen-
dent on resolution. However, the non-ideal MHD models nB±z
are strongly dependent on resolution, despite their additional
resistive processes being physically motivated. In each of the
nB+z models (middle row), there is a torus of gas with a strong
magnetic field that comprises of the magnetic wall, whose
maximum extent is r ∼ 4 au. In nB3e5+z , the wall has a slightly
higher magnetic field strength than the surrounding gas, but is
still lower than Bcen = Bmax (recall Figure 2). Increasing the
resolution to 106, the magnetic wall becomes well-defined.
This is a small wall of width dr ∼ 1.5 au, but its maximum
magnetic field strength is only slightly higher than then central
strength. From this snapshot, the processes that are causing
the magnetic wall are just defined at this resolution. However,
given the weakness of the wall, their full effect cannot be fully
understood.
The magnetic wall is very well-defined in our highest
resolution model, nB3e6+z . As in nB
1e6
+z , the primary wall has
width dr ∼ 1.5 au and the outermost extent is r ∼ 4 au.
In the high resolution wall, the magnetic field strength is ∼5
times stronger than Bcen. More importantly, spiral structures
are visible interior to r . 4 au, and these spirals have field
strength ∼10 times higher than Bcen. These spirals are caused
by the rotating, highly magnetised gas on the interior of the
torus losing angular momentum, detaching from the torus and
migrating towards the centre. This spiral structure is absent in
the density plot (top panel) since the majority of the gas is
neutral and acting mostly independently of the magnetic field.
Thus, these spirals are created by the small fraction of charged
gas that drags the magnetic field into the centre, which cannot
be distinguished in the density plots.
Thus, for nB+z , there is no discernible magnetic wall for
nB3e5+z , a defined wall for nB
1e6
+z , and a very well-defined wall
for nB3e6+z where the gas can be seen detaching from the wall
and spiralling towards the centre. Although nB1e6+z yields the
wall, these results suggest that the higher resolution of 3×106
is required to resolve the behaviour of the charged gas in and
leaving the torus. Since we did not perform a higher resolution
model, we cannot confidently say that even 3 × 106 is high
enough to properly resolve the formation and evolution of the
magnetic wall.
The gravitationally unstable disc that forms during the first
core phase when ρmax ≈ 5×10−9 g cm−3 in nB-z complicates
the evolution of the magnetic field; the formation of this disc
coincides with the divergence of Bmax and Bcen. Contrary to
what was discussed in Section IV-A and predicted by Figure 2,
there is no magnetic wall. In this model, the magnetic field
tries to anchor the gas, thus a bar of charged gas slightly
lags behind the primary, mostly neutral bar; this is unseen in
the density plot of Figure 3 since the density of charged gas
is much less than that of neutral gas. Thus, the motion of
the charged and neutral gas caused by the bars prevent the
formation of a magnetic wall; rather, the most magnetised gas
initially piles up near the edge of the bar. Thus, the divergence
of Bmax and Bcen in this model is due to the rotation of the
bar rather than a magnetic wall.
In nB3e5-z , the bar has nearly a uniform magnetic field
strength, but in nB1e6-z and nB
3e6
-z , a strongly magnetised clump
of gas has collapsed to the west side of the bar. Although
symmetric results would have been expected given the ini-
tial conditions, even slight asymmetries caused by numerical
processes or rounding could cause the discrepancy that has
lead to the asymmetric bar. Independent of the cause, the
asymmetry has formed in similar locations in both models,
with the structure being better well-defined and having a
stronger magnetic field strength in nB3e6-z .
In very general terms, the three nB-z models are qualitatively
similar, yielding a ∼25 au disc during the first core phase. The
bar structure is similar amongst them, however, the asymmetry
only appears at the higher two resolutions, suggesting a
minimum resolution of 106.
C. Stellar birth
Between the end of the first core phase at ρmax ≈ 10−8
g cm−3 and the birth of the protostar at ρmax ≈ 10−4 g cm−3,
only a few years pass (recall Figure 1). However, there is
noticeable evolution during this time, specifically in the centre
of the cloud and in the non-ideal models. Figure 4 shows
the gas density and magnetic field strength for each model at
ρmax = 10
−4 g cm−3.
Similar to the end of the first core phase, the density profiles
of iB-z and nB+z are approximately independent of resolution.
During this time, the bar in nB-z collapses and this collapse
is resolution-dependent: it stays approximately symmetric for
nB3e5-z , collapses asymmetrically to near the centre in nB
1e6
-z ,
and collapses to the west end of the bar in nB3e6-z . Thus, for
the first time in this study, we see noticeable resolution effects
on the structure of the density.
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Fig. 4. Gas density (top panel) and magnetic field strength (bottom panel)
at the birth of the protostar at ρmax = 10
−4 g cm−3. In nB+z (middle row,
bottom panel), the magnetic wall persists, although its magnetic field strength
is weaker than the central field strength. The bar has begun to collapse in
nB-z (bottom row, both panels), beginning to form a spherical core with a
strong magnetic field strength.
The magnetic field structure of iB-z is similar at all res-
olutions, but the field strength decreases with resolution,
especially in the inner ∼0.01 au. This decrease is due to a
combination of the lower resolution smoothing out the field
strength, and the higher artificial resistivity dissipating more
of the magnetic field.
Model nB+z has retained its magnetic wall (and spiral
structure interior to it for nB3e6+z ). The magnetic wall remains
well defined in the two higher resolution cases, and in all
cases, its field strength is stronger than that in the surrounding
gas. Thus, independent of resolution, we can conclude that the
magnetic wall is a persistent feature. In nB3e5+z and nB
1e6
+z , the
Bmax = Bcen, again with a lower strength in the former model.
In nB3e6+z , the maximum field strength is ∼3 times stronger
than the central strength, but the maximum strength is only
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Fig. 5. The cumulative CPU time used for each model. The vertical lines are
at the beginning and end of the first hydrostatic core phase. Independent of
the non-ideal processes, all models at a given resolution take a similar length
of computational time to reach ρmax ≈ 10
−10 g cm−3, after which nB-z and
nB+z require considerable more computational resources to evolve through
the first core phase.
slightly mis-coincident with the maximum density. Thus, the
expected location of Bmax at this time cannot be determined;
although it is coincident with the maximum density in two
of the models, it is separate from the maximum density in
the highest resolution model. Thus even higher resolution is
required to reach a robust conclusion on the expected location
of Bmax.
As with the density evolution, the magnetic field structure of
nB-z is highly dependent on resolution. None of these models
had a well-defined magnetic wall, nor has one formed after the
end of the first core phase. In all cases, the maximum magnetic
field strength resides 0.01-0.1 au from the maximum density,
and the off-set decreases with resolution. Thus, although the
gas is collapsing along the bar, the magnetic field is not neces-
sarily tracing this collapse. Although the off-set decreases with
increasing resolution, there is likely a minimum, non-zero off-
set which will be reached at the convergence limit since there
is an initial off-set during the first core phase and non-zero off-
sets are possible given the ideal MHD model, iB-z . The values
of Bmax and Bcen increase with increasing resolution, as does
the factor between them, indicating that artificial resistivity is
less important with increasing resolution. Again, we cautiously
conclude that Bmax 6= Bcen is a real effect, but we cannot
comment on the values that these terms should take, nor the
expected location of Bmax.
V. DISCUSSION AND SUMMARY
A. Computational expense
We have repeatedly stated that higher resolution simulations
are required to reach the convergence limit and robust conclu-
sions. However, higher resolution simulations necessarily take
more resources, which will eventually become a prohibiting
factor. Figure 5 shows the runtime for each model at each
resolution.
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For iB-z , the cumulative CPU time increases smoothly, and
iB3e6-z takes only 7000 CPU-hours to reach the formation of
the protostar. Thus, if we were to increase the resolution by a
factor of 10 to N = 3×107, we can extrapolate the runtime to
be ∼ 5×105 CPU-hours. However, the non-ideal models have
greater physical motivation, and Figure 5 shows that evolving
the first core phase is computationally demanding in nB±z .
Even at N = 3 × 106 it takes nB3e6+z and nB3e6-z 4.9 × 104
and 2.4 × 105 CPU-hours to reach ρmax = 10−4 g cm−3,
respectively. Increasing resolution by a factor of 10 would
require nearly 107 CPU-hours for nB3e7-z . Thus, convergence
studies on star formation will be computationally expensive,
thus comparisons such as those presented here are required
to determine the acceptable trade-off between accuracy and
computational expense.
Although already expensive, there is great interest in mod-
elling the early evolution of the protostar itself ( [11], [13],
[34]), which requires reaching densities of at least ρmax ≈
10−1 g cm−3. However, the computational time to model the
evolution between 10−2 . ρmax/(g cm
−3) . 10−1 increases
considerable for all models [13], making the search for the
convergence limit in this scientifically interesting regime even
more prohibitive.
Counter-intuitively, there is less resolution convergence in
the non-ideal models than in the ideal model. The non-ideal
processes introduce a restrictive time-stepping criteria ∝ h2
( [29], [42], [43]) which is always satisfied by construction
and accounts for the steep increase in runtime during the first
core phase; for reference, the Courant time-step is longer and
is ∝ h. These processes also introduce a new characteris-
tic length scale ( [29], [44]), which we have determined is
resolved in the magnetic wall and the bar. Given the lack
of convergence, it is possible that these new length scales
are not restrictive enough to properly resolve the non-ideal
MHD processes, and that new characteristic scales need to
be determined. However, this will likely require finding the
convergence limit, which may be prohibitively expensive.
B. Summary
We ran three star formation models each at three different
resolutions. We performed one ideal MHD simulation (iB-z),
and two non-ideal MHD simulations (nB+z and nB-z) using
two different initial alignments of the magnetic field to test
the extreme effects of the non-ideal process of the Hall effect.
In all models, the higher resolution simulations collapsed later
than lower resolution simulations, but at a given resolution, the
relative collapse time between models was consistent.
The general structure of the ideal MHD models was similar
at each resolution, but with decreasing maximum magnetic
field strength for decreasing resolution. Both the lower res-
olution and the greater contribution from artificial resistivity
contributed to this decrease.
The magnetic field structure of the non-ideal MHD models
was resolution-dependent. At the end of the first hydrostatic
core phase, nB+z formed a magnetic wall which persisted to
the formation of the protostar (although only very weakly in
nB3e5+z ). The magnetic field strength of the wall and the ability
to model the gas being accreted from the inner edge of the wall
was strongly dependent on resolution. As the gas collapsed
to form the protostar, the maximum magnetic field strength
remained off-set from the maximum density only in the highest
resolution simulation and the maximum strength was interior
to the magnetic wall.
A magnetic wall did not form prior to the birth of the proto-
star in nB-z . The maximum magnetic field strength was never
coincident with the maximum density after the formation of
the bar, and the maximum and central magnetic field strengths
and the ratio between them was dependent on resolution. The
central bar in the disc collapsed after the first core phase, and
the nature of the collapse was also sensitive to resolution.
Despite additional physical processes in the non-ideal mod-
els, these models were more dependent on resolution than
the ideal MHD model. Thus, these new processes necessarily
introduced new time and length scales that must be resolved;
although these are resolved in all our non-ideal models, they
may not be restrictive enough to fully resolve these processes.
The accuracy obtained from higher resolution is always a
trade-off with computational expense, and some very high
resolution simulations are infeasible to run. In any resolution
study, the convergence limit would ideally be reached, but
this limit has often proved elusive in astrophysical studies.
Therefore, we must always be cautious of the results, and
perform simulations as feasible or as required to examine the
impact of resolution on all conclusions.
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